Background The occurrence of hypoglycemia has been associated with the presence of cardiovascular autonomic neuropathy. Cardiovascular autonomic reflex tests are the gold standard diagnostic method for cardiovascular autonomic neuropathy. Nevertheless, impaired heart rate variability indices on spectral analysis have been reported before cardiovascular autonomic reflex test abnormalities arise. The objective of the present study was to analyse the association between the severity of hypoglycemia and indices of heart rate variability on spectral analysis.
Introduction
Strict glycemic control is associated with a reduction in both the incidence and progression of diabetes complications [1] . However, it carries a risk of hypoglycemic episodes that affect the quality of life of patients and adherence to therapeutic management.
Patients with type 1 diabetes have, on average, two hypoglycemia episodes per week. Despite recent developments in the therapeutic armamentarium for diabetes, the frequency of these episodes has not changed in the last decades. Severe hypoglycemia, an event requiring assistance of a third person to treat it, occurs in 30 to 40% annually of patients with type 1 diabetes, with an average of 1 to 1.7 episodes per patient per year [2] . In order to assess the severity of hypoglycemia in type 1 diabetes patients undergoing islet transplantation, a score of hypoglycemia (HYPOsc) was constructed [3] . HYPOsc is an objective system that enables quantification of the magnitude of hypoglycemia.
The severity of hypoglycemia has been associated with cardiovascular autonomic neuropathy (CAN), an insidious diabetes complication [4, 5] . This association has a prognostic importance because the presence of CAN is linked to increased cardiovascular morbidity and mortality independent of other cardiovascular risk factors [6, 7] . It is speculated that the presence of CAN may have a role in the higher mortality rate observed in type 2 diabetes patients on intensive insulin therapy [8] . The loss of heart rate variability (HRV), a marker of autonomic dysfunction, has emerged as an additional marker to ascertain predisposition to cardiovascular events during an intensive glycemic control [9, 10] .
Different diagnostic criteria for CAN have been described. The Ewing tests are considered the gold standard for CAN diagnostic [11] . Nevertheless, impaired indices of HRV in the frequency domain, obtained through spectral analysis (SA) of the electrocardiogram R-R intervals, could occur before changes in the Ewing protocol [12] [13] [14] . Thus, the addition of SA to Ewing tests has the power to increase the diagnostic sensitivity of CAN [15] .
SA of HRV provides information regarding cardiovascular autonomic balance, demonstrating that low frequency (LF) reflects both sympathetic and parasympathetic activity while high frequency (HF) reflects parasympathetic activity [10] . The relationship between the magnitude of hypoglycemia, as assessed by the HYPOsc, and changes in HRV in the frequency domain (SA) is not well established. The aim of the present study was to analyse the association among the history of hypoglycemia, CAN and indices of HRV in the frequency domain in patients with type 1 diabetes.
Materials and methods

Study population and design
Ninety-nine type 1 diabetes patients by American Diabetes Association criteria [16] aged between 12 and 75 years of age from the Diabetes Center of São Paulo Federal University (São Paulo, Brazil) were enrolled between February 2011 and December 2013. Patients with previous cardiac arrhythmias, renal failure needing replacement therapy, hepatic failure or pregnancy were excluded.
Glycemic control was assessed using the average glycosylated hemoglobin (HbA 1c ) level of the last three years and a minimum of three values.
Diabetic nephropathy was classified into two groups: incipient and clinical nephropathy. Incipient nephropathy was defined by the presence of microalbuminuria (30 -300 mg/day) and/or the use of angiotensin converting enzyme inhibitors/angiotensin receptor blocker and/or estimated glomerular filtration rate (eGFR) between 60 and 90 mL/min/1.73 m 2 . Clinical nephropathy was defined by the presence of macroalbuminuria (≥300 mg/ day) and/or eGFR < 60 mL/min/1.73 m 2 . The GFR was calculated by the Chronic Kidney Disease-Epidemiology Collaboration equation [17] .
Diabetic retinopathy was defined by impaired retinal microvasculature evaluated by detailed ophthalmologic examination [18] . Information about the presence of retinopathy was obtained from clinical chart review and retinopathy was classified as absent or present. Macrovascular complications were defined by the presence of established ischemic heart disease or non-invasive evidence of myocardial ischemia, peripheral vascular disease or cerebrovascular disease.
The study was approved by the local university committee (protocol number: 02210812.2.0000.5505, dated 11/1/ 2012). All patients provided written informed consent.
Assessment of hypoglycemia
The magnitude of hypoglycemia was evaluated by the HYPOsc [3] . Briefly, the number and degree of hypoglycemia episodes were obtained prospectively for a period of 4 weeks with a minimum of two capillary glucose measurements per day by a questionnaire filled in by the patient. The patient was also asked to provide the number of severe hypoglycemia occurrences during the last year. The final score was calculated by a sum of points assigned to these two criteria. To assess the degree of hypoglycemia episodes, the HYPOsc considers the presence or absence of hypoglycemia symptoms and the need for help to recognize and/or treat the hypoglycemia, in addition to the capillary blood glucose value (<53 mg/dL).
Patients were classified into two groups according to their HYPOsc: absence/minor hypoglycemia (HYPOsc 0 -423) and moderate/severe hypoglycemia (HYPOsc > 423) [3] .
Assessment of cardiovascular autonomic dysfunction
All cardiovascular autonomic tests were performed in the morning, after 8 h overnight fasting. Respiratory frequency was controlled to around 15 breaths/minute. Patients were required to avoid caffeine, tobacco and any medication (with the exception of basal insulin). If any hypoglycemia episodes occurred on the day before the tests, patients were rescheduled. The cardiovascular autonomic tests were evaluated according to the normal values for age and sex [19, 20] .
The analysis of HRV was performed through electrocardiogram recording during a period of 5 min. The analysis of HRV in a frequency domain (SA) reflects sympathetic and parasympathetic modulation on the heart and their balance. SA assesses the frequency specific oscillation on the heart. The components of SA are: very low frequency (VLF) (<0.04 Hz) which reflects vasomotor tonus related to thermoregulation; LF (0.03 -0.15 Hz) which mainly reflects sympathetic tonus on the heart with vagal modulation; HF (0.15 -0.5 Hz), which reflects the parasympathetic modulation on the heart related to respiratory activity [12, 21] .
In our study we considered impaired HRV in the frequency domain (SA) as an abnormal result of LF and/or HF of SA (cutoff: percentile < 2.5 in relation to gender and age) [20, 22] .
Additionally, all patients underwent cardiovascular autonomic reflex tests (CARTs -Ewing battery), consisting of deep breathing test (E:I), Valsalva maneuver, lying to standing test (30:15 ratio) and orthostatic hypotension test. The CAN diagnosis was defined by the presence of at least two abnormal tests out of four of the Ewing battery [19, 23] .
Statistical analysis
Categorical variables were described as proportions and continuous variables as mean ± standard deviation or median and interquartile range as appropriate. The association among cardiovascular autonomic dysfunction, hypoglycemia score and other clinical variables was tested using the chi-square test for categorical variables, Student's t-test for continuous variables with normal distribution and the Mann-Whitney test for continuous variables with asymmetric distribution.
The strength of association between severity of hypoglycemia and components of HRV by SA (main objective) was evaluated with multivariate analysis by binary logistic regression. Variables with P < 0.05 in univariate analysis were included in the multivariate analysis. Results were expressed with odds ratios. Two-sided P values < 0.05 were considered statistically significant. IBM SPSS Statistics 20 software (IBM Corp, Armonk, New York, United States) was used for statistical analysis.
Results
Two hundred sixty-one consecutives type 1 diabetes patients were prospectively assessed for inclusion in the study. Of these, 112 patients (43%) concluded the HYPOsc questionnaire and 99 (38%) completed all phases of the study protocol (i.e. HYPOsc questionnaire and autonomic cardiovascular tests).
No significant differences were observed between patients who completed all the research protocol versus those who did not regarding baseline clinical characteristics such as age (26.5 ± 11.0 vs 24.6 ± 7.2 years, respectively; p = 0.11), male sex (42.9 vs 44.2%, p = 0.82) and duration of diabetes (13.2 ± 8.1 vs 12.6 ± 6.7 years, respectively; p = 0.56). Nevertheless, patients with complete information of the HYPOsc had significantly lower glycosylated hemoglobin (HbA 1c ) levels than patients who did not complete the HYPOsc [8.4 ± 1.3% (68 mmol/mol), vs 9.1 ± 1.8% (77 mmol/mol), respectively; p < 0.001].
Baseline characteristics of the study population are summarized in Table 1 . Patients were categorized according to HYPOsc as absent/minor (n = 78, 78%) and moderate/severe hypoglycemia (n = 21, 22%). Table 2 presents clinical characteristics of each study group. Patients classified as moderate/severe hypoglycemia were older and had longer duration of diabetes than patients with absent/minor hypoglycemia. They also had higher rates of diabetic micro (retinopathy, nephropathy) and macrovascular complications. There were no differences in HbA 1c and total daily dose of insulin between these two groups.
Cardiovascular autonomic dysfunction
Patients with moderate/severe, as compared to patients with absent/minor hypoglycemia, had higher prevalence of cardiovascular autonomic dysfunction diagnosed by both CARTs (two abnormal tests out of four) (23.8% vs 5.1%, respectively; p = 0.008) and SA (abnormal result of LF and/or HF band of HRV in a frequency domain) (47.6% vs 23.1%, respectively; p = 0.027) (Figure 1 ). Interestingly, after adjusting for clinical and metabolic variables with logistic regression analysis, impaired HRV on SA remained an independent predictor of moderate/severe hypoglycemia (OR: 3.44; 95%IC: 1.11-10.62; p = 0.032). Nephropathy (OR: 4.07; 95%CI: 1.25 -13.18; p = 0.019) and macrovascular complications (OR: 12.14; 95%IC: 1.14 -129.19; p = 0.039) were also independent predictors of moderate/severe hypoglycemia (Table 3) .
When analysed individually, impaired results on the Ewing battery were also significantly more frequent in the group with moderate/severe hypoglycemia (E:I -28.6% vs 9%, p = 0.029; Valsalva maneuver -52.4% vs 25.6%, p = 0.019 and 30:15 ratio -14.3% vs 1.3%, p = 0.029). In HRV analyses, the time domain measures of normal R-R intervals (standard deviation of 5-min average of normal R-R intervals -SDNN -and the root-mean square of the difference of successive R-R intervals -rMSSD) were significantly lower in the moderate/severe hypoglycemia group (30 vs 49. , p = 0.012), were also significantly lower in the group with moderate/severe hypoglycemia ( Figure 2) . Furthermore, the ratio LF/HF was higher in the moderate/severe hypoglycemia group than in the absent/mild hypoglycemia group (1.85 vs 0.762, p = 0.032) (Figure 3 ).
Discussion
The main finding of the present study is that moderate/severe hypoglycemia, according to HYPOsc, is independently associated to established changes in HRV in the frequency domain in a group of young type 1 diabetes patients. Furthermore, patients with moderate/severe hypoglycemia have higher rates of both CAN, diagnosed with Ewing tests, and impaired HRV by SA.
The prevalence of moderate/severe hypoglycemia according to the HYPOsc in our patients was 21%, which was similar (25%) to the study by Ryan et al. [3] , in which the score was first described, suggesting a good reproducibility of the method.
There are several factors associated with the occurrence of severe hypoglycemia such as history of episodes of Data reported as mean ± SD, median (interquartile range). CAN, cardiovascular autonomic neuropathy; HRV, heart rate variability. severe hypoglycemia, long duration of diabetes, older age, chronic kidney disease and macroalbuminuria [5, [24] [25] [26] . In our study, moderate/severe hypoglycemia as assessed by the HYPO score, was associated with longer diabetes duration, older age, nephropathy, retinopathy and macrovascular disease. We found, in patients with type 1 diabetes, significant association between CAN and moderate/severe hypoglycemia according to the HYPO score. These results are consistent with previous studies that showed severe hypoglycemic episodes associated with impaired cardiovascular autonomic tests [4, 5] . The correlation of SA of heart rate with Ewing battery has been demonstrated in some studies [27] [28] [29] . It was demonstrated that SA was more sensitive in detecting early changes in autonomic function [13, 14, [28] [29] [30] [31] . This method proved to be faster, easier to implement and almost independent of patient cooperation. Thus, it has great potential as a diagnostic tool for CAN [29] . Furthermore, the addition of SA analysis to CARTs has been shown to significantly improve accuracy for the diagnosis of CAN. When using the two tests together, the presence of at least three abnormal results in the seven autonomic cardiovascular tests (1. SA in the HF band, 2. SA in the VLF, 3. SA in the LF, 4. Expiration/inspiration ratio during deep breathing, 5. Maximum/minimum 30:15 ratio, 6. Valsalva ratio and 7. Postural change in systolic blood pressure) has a 100% of specificity for the diagnosis of CAN [15] .
A recent study found an association between indices of glycemic variability related to hypoglycemia with reductions in HRV by SA but not with cardiovascular autonomic reflex tests (Ewing battery) [32] . This study found that low blood glucose index (LBGI) and area under the curve (AUC) hypoglycemia were correlated with low value of both LF and HF power of HRV. In our study, we demonstrated a lower HRV (reduced LF, HF and total power) in the moderate/severe hypoglycemia group according to the HYPOsc, which is a comprehensive and thorough assessment of hypoglycemia. This can be explained by a greater impairment of the parasympathetic nervous system because the components of HF and total power reflect the parasympathetic activity and the parameter of LF reflects the sympathetic control with vagal modulation [12, 33, 34] . The proportion of the low and high frequencies (LF/HF ratio) offers a relative indication of the sympathetic modulation of HRV [35, 36] . In our study, this ratio was higher in the moderate/severe hypoglycemia group. This reflects an imbalance of sympathetic over parasympathetic activity in this group of patients (Figure 1) . Our results are compatible with the loss of the cardio protective effect of vagal activity in patients with moderate/severe hypoglycemia. This may result in worse outcomes related to progression to dangerous arrhythmias for this group of patients [37, 38] .
The strength of this study is that we used a comprehensive evaluation with seven cardiovascular autonomic tests (Ewing battery and SA). This allows a more thorough assessment of the vagal and sympathetic components of the autonomic dysfunction. In addition, HYPOsc provided a more detailed characterization of hypoglycemia by analyzing the associated symptoms and frequency and severity of episodes, rather than only quantifying the episodes of severe hypoglycemia.
There are some limitations in this study. First, for the measurement of blood glucose levels, continuous glucose monitoring system (CGMS) would have been a more precise method of recording the blood glucose levels. Nevertheless, CGMS detects hypoglycemia over short time periods and is unable to provide information regarding the impact of hypoglycemia events on patients' daily lifestyle [3] . By using the HYPO score, we were able to record a much more comprehensive sample of 30 days of measurements. Second, patients in the study showed better glucose control when compared to patients who did not complete a HYPO score. This may represent a bias that led to a selection of patients with higher occurrence of hypoglycemia. Furthermore, there is a difference between hypoglycemia associate autonomic failure (HAAF) and cardiovascular autonomic dysfunction. CAN is a structural disorder while HAAF is a functional and reversible disorder [39] . HAAF is caused by an antecedent of hypoglycemia and it can be reversed by avoiding hypoglycemic episodes [40] . Although we were careful not to perform autonomic tests in patients with a recent history of hypoglycemia, we cannot exclude the diagnosis of HAAF in some of our patients.
In conclusion, in a group of young adult type 1 diabetes patients, those with more pronounced hypoglycemia according to the HYPO score showed autonomic imbalance between sympathetic and parasympathetic systems on the heart. Furthermore, an abnormal result of at least one of the two components of SA (LF and HF) was an independent predictor of moderate/severe hypoglycemia according to the HYPO score.
